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DESIGNANDE@~ 12WEWTC21TIONOFA SINGLW3TAGETURBINE

WITHA ROT3REIWERIXGREWIINEMACHNUMBEROF 2*

Summy

Thedesignandexperimentalfivestigationofa single-stagesuper-
sonicturbinearepresentedherein.Theturbinewasdesignedfora rotor ,

y“ enteringrelativeMachnumberof 2.
g

Themaximumequivalentspecificworkoutputof theturbineat de-
a signspeedandapprczcbnatelydesignover-allpressureratiowas32.9

Btuperpoundata staticefficiencyof 0.414.Thisstaticefficiency
gavegoodverificationtosm independentreferencethatindicatedtheo-

W reticalstaticefficienciesforsimilarsingle-stageturbineswithinthe
raage0.40to 0.45.

An experimentalratioofeffectiverotorblademomentumthickness
tomeancamberlengthwasdetermined”tobe 0.0114,whichcomparesfavor-
ablytiththeresultsobtainedfrcmseveraltranscmicandsubsonictur-
bines..‘Yhedesignprocedureforthisturbinewouldhavebeenimproved
by allowingformorerotorlossesW, ass-g a ~lue of t~s m~ent~
parametercomparablewiththoseobtainedfrcmtransmitturbines.

Removi@a largeportionof therotorsuctionsurfaceenableda
lowerstaticpressuretobe feltat thestatorexitat theexpenseof
higherrotorlosses.Thenetresultwasan Qrovementin turbinework
outputofabout3 percentat designsettingconditions.

No problemsassociatedwithsupersonicstartingwereencountered
evenundertheworstconditionsofturbineoperation~th respectto
thisproblem.

INTRODUCIIICON

. Inrecentyearstherebasbeenan increasinginterestan turbine~
applicable.torocket-pumpdrive.Inviewofthis,a considerableamount
oftheturbineresearcheffortat theIWCALewislaboratoryhasbeen

* Title,Uhcl.assified.
—____.—.- AFMDCOAS’58-7()74



directedtowardturbinessuitableforthispurpose.Becausea rocket
mustcarryallthefuelandoxidantrequiredforpropulsion,including

s_

theturbopropdrivingfluid,problemsassociatedwithtotalgrosswei@%
arenecessarilyencountered.l?roma weightstandpoint,twoof thede-
sirablecharacteristicsofa turbinedesiqedforrocket-pwnpapplication
aretousea minimumamountof hivingfhid andtobe lightweight. %CJa

Onetypeof turbinethatappearsattractiveforthisapplication P
wouldbe a supersonicturbineutilizinga hi–@pressuredropacrossa —

—

minimumnumberof stages.Sucha turbinewouldbe lightweightandhave
rotorbladesdesignedfora highturninganglethatwouldresultina

—

highspecificworkoutput~erstage.Fora givenpowerap@ication,then}
thistypeofturbinewouldrequireonlya smallamountofworkingfluid
todriveit. Theexpectedefficiencyfrcmsucha turbinewouldbe con-
siderablylowerthanthatofmoreconsenativeturbinesbecauseofhigher
leavinglosses.Eowever}thedesirablecharacteristicsofbeinga simple,
lightweight}highspecificworkoutput,lw.massflowt~btiemighteasily
outweighthedisadvantageofa lowefficiency.

Verylittleinformationisavailableregardingtheperformanceof
supersonicturbines.Cascaderesultsofstatorbladerowsandrotorblade
rowsareavailable(e.g.,refs.1 and2),buta needexistsforin.formE- fi”
tionccmcerningtheperformanceofthetwooperatingtogetherasa turbine
unit● Thepurposeofthisinvestigation,then,istogaina betterunder-
stsmdingof thegeneralperformancecharacteristicsof supersonicturbines.

3

A single-stageturbinetitha rotorenteringrelativeMachnumberof
2 wasdesigned}constructed}andexperimentallyinvestigatedat theLewis
laboratory.Inadditimtotheinstrumentationrequiredtodetermine
over-allturbineperformance)static-pressuretapswerepraddedinthe
outerhousingacrossthebladerowsinan efforttogainan understanding
ofthemajortrendsencounteredwithintheflowpassagesas theturbine
wentthroughoff-designconditionsof operatim.

Theperformanceoftheturbinein termsof staticefficiencyis com-
paredwiththeresultsofreference3}whichincludestheoreticalstatic
efficienciesof single-stageturbineswith~imilardesigncharacteristics.

CP specificheat

D bladesurface

Ah’ specificwork

SYMBOLS

at constantpressure,Btu/lb-°F

diffusionparameter}1 - Velocityafterdiffusion
Velocitybeforediffusion

output,Btu/lb
.
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lengthofblademeancamberline,ft

Machnumber

pressure,l.b/sqft

tanperature,%

bladespeed,ft/sec

absolutegasvelocity,ft/sec

weight-flowrate,lb/see

statorstackingpoint

ratioof specificheats

ratioofinletairtotalpressuretoIWCAstandardsea-levelxmes-
sure,p@*

functionof T,

staticefficiency,basedonstatic-to
turbine,p4/p~

total-pressureratioacross

squaredratioofcriticalvelocityat turbineinletto criticalve-
locityatNACAstandardsea-leveltemperature,(Vcr,0%r)2

effectiverotorblademomentumthicknessbasedonturbineover-all
performance,ft

Subscripts:

cr conditionsatMachnwiberof1.0

m meansection

. R relativetorotorblade
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‘static-pressur*tapmeasuringstation:

sumof suctioll-

sxialcomponent

turbineinlet

andpressure-surface

statorexitbeforemixing

statorexitaftermixing,

rotorexitbeforemixing

alsorotor

quantities

.—
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inlet

rotorexitaftermixing,alsoturbineoutlet

Superscripts:

1 absolutetotalstate

* IJACAstandardconditions
.

TURBINE DESIGN
*

GeneralDesignCharacteristics

Thesingle-stageturbineinvestigatedhada “10.3-inch
witha hub-tipradiusratioof0.9at therotorinletwith
heightsincreasedtoa hub-tipradiusratioof 0.87at the

meandiameter
theblade
rotoroutlet.

Theturbinewasdesignedfor; rotorenteringrelativeJhchnumberof 2~0.

Thedesiguequivalentparametersselectedareasfollows:

/
SpeCificwork,&’ (3Cr,Btu/lb. . . . . . : . , . . . . . . . . . 39.0

GWeightflow, ~ s,lb/sec. . . . . . . . . .“.. . . .. . . 0.585
llesnbladespeed,~~, ft/sec . . . ... . . . . . . . . . . 342

GeneralDesignProcedure

Allthecalculationsusedin determiningthedesignvelocitydia-
grams,statorbladeshape,androtorbladeshapewerebasedonconditions .—

at themeanbkde radius.-Itwasassumedthht-nosignificant
flowcharacteristicswouldoccurradiallybeca~eofthehigh
radiusratiowhichresultedinbladeheightsofapproximately

changein
hub-tip “
ljzinch.
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Velocitydiagrsms.- Theafter-~g veloci~diagramstogether
witha sketchofa typicalbladechannelshowingthestationrmnencla-
tureusedareshowninfigure1. The“statorandrotorbladeconfigura-
tionsweredesignedtomatchtheseafter-mixingconditiofi.

Statordesi~.- Thestatorwasdesignedas threesections:a con-
vergingsectionthatturnedtheflowandacceleratedthegasfrcma Wch
numberof 0.28at thestatorentranceto sonicconditionsat thethroat,
a divergingsectionthatacceleratedtheflowfransonicat thethroat
toa Machnumberof 2.54attheexitoftheguidedchannel,anda straight “
suctionsurfacefromtheexitofthewided ehel do~streamto the
bladetrailingedge. Thecalculatedlossesdecreasedthefree-stream
Machnwiberfrom2.54at thestator@t (station1,fig.1)toan after-
mixingMachnumberof 2.43(station2,fig.1}.

Theconvergingfree-streamsectionwasdesi~edby useof the
stream-filamenttechniqueas describedinreference4. Alltheturning
ofthefree-stresmflow(72.6°)wasaccmp13shedinthissection.

Themethodusedin designingthesharp-cornereddivergingfree-
stresmsectiontoacceleratetheflowfrcmthethroatto theexitofthe
guidedchannelwasthesameas thatdescribedfireference1. Thistype
ofdesignrepresentstheshortestpossibleexpansionpassagecapableof
yieldinga uniform,shock-free,parallel,exitflo:~.Theresultingvs.ria-
tionindesign.blades~facevelocitiesiS sho-~.~fiwe 2 as a ~ction
ofpercentaxialchord. ..

Boundsry-layergro’tialongthesuctionsurface,pressuresurface,
andendwallswascalculatedon thebasisof 32bladesby themethodde-
velopedinreference5. Theboundary-layergrowthwasthenaddedto the
respectivefree-streamsurfacesandendwallsandresultedin thefinal
statorbladeshape.

TableI showsthecoordinatesof”themeansectiontemplateusedin
thefabricationprocess.Thealuminumbladesweremadetipofradialele-
mentsin ordertokeepthethroat.openingsas closetorectangularas
possible.

Calculationsbasedonthedesigu‘procedureresultedina 14-percent
dropb totalpressureacrossthestatorbladerow.

Rotordesign.- Thefree-streamrotorpassagewasde”signedusingthe
supersonic,-vortex~flowtheoryas describedinreference6. Thepassage
,consistedof threesections:an enteringtransitionsectionwherethe
velocityincreasedonthesuctionsurfaceanddecreasedonthepressure “ .
surface;a ctic~r arcsectionwherethevelocityremainedconstanton
eachrespectivesurface;andan exittransitionsectionwherethevelocity
increasedonthepressuresurface,and,inthiscase,remainedconstanton

commmm
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thesuctionsurface.ThedesignvariationinbladesurfacerelativeMach
numbersis showninfigure2 asa functionofpercentaxialchord. .
Boundary-layergrowthwascalculatedonthebasisof48bladesandwas
addedto thefree-streamsurfacesinthessmemanneras wasusedinthe

—

statordesign.

TableII showstherotorbladecoordinatesusedin thefabrication
process.Thesanecoordinateswereusedforthehub,mean,andtipsec-
tions,whichallowedthebladestobe machinedfrcma continuouspiece
ofaluminumstock.Runntigclearancebetweentherotorbladesandthe
outerhousingwasprovidedforby cuttinga recessin theouterhousing :-t

(inset,fig.3)ratherthancuttingofftheoutertipsoftherotor r

blades.Theeffectofthissharpbreakis discussedinthesecti~=- ‘i
titledOuter-WallStatic-PressureVariation.

Calculationsbasedonthedesignprocedureresultedinan ~ected
turbineover-allstaticefficiency?lsof0.504atan over-all8titic-
to total-pressureratioy4/p& of0.0333.Thisefficiencyappearshigh

whencomparedwiththatwhichcouldbeexpectedfromtheresultsofref-
erence3. Thisreferenceindicatestheoreticalstaticefficienciesin

—

theneighborhoodoffrom0.40to 0.45fora single-stagetmbirteunder .-
similardesignconditions.

.—

APPAIWIKIS

Theexperimentalinvestigationoftheturbinewasconductedinthe
sameturbinetestfacilityusedinreference7. Theapparatusconsisted
primarilyoftheturbinecotiiguration,s~tablehous~gto @ve ~iform
turbine-inletflowconditions,anda cradleddynamometertoabsorbtur-
binepoweroutput.A diagrammaticsketchoftheturbinetestsectionis
showninfigure3. Photographsofthestatorandrotorbladeconfigura-
tionsareshowninfigure4. Thesharp-corneredstatorthroatopenings
canbe notedfrcmthisfigure.

Theturbinewasoperatedwithdrypressurizedairfromthelabora-
torycombustion-airsystem.Theairpassedthrougha filtertank,heat-
ers,a hydraulicallyoperatedinletcontrolvalve,andanASMEflat-plate
orifice,andthenwenttotheturbine-inletaircollector.Aftertheair
passedthroughtheturbine,itwasdirectedto thelaboratoryaltitude
exhaustsystem.

INSTRUMENTATION

Instrumentationwasprovidedontheturbineapparatusto obtain
over-allturbineperformanceandouter-wallstatic-pressurevariation
acrossthestatorandrotorbladerows.

.

—

CONFIDENTIAL
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Over-AllTurbinePerformance

Theactualspecificworkoutputwasccmputedfromweight-flow,
torque,and-speedmeasurements.Theairweightflowwasmeasuredfrom
thecalibratedASMEorifice.Theturbineoutputtorquewasmeasured
witha commercialseH-balancingtorquecellandmercurymanometer.
Turbinerotativespeedwasmeasuredwithan electronicevents-per-unit-
timemeter.

Turbine-inletmeasurementsweretakenin theannulusupstreamof
thestatortilet(station0,fig.3). Fourstatic-pressuretapswere
installedoneachoftheinnerandouterwallsandplacedonfourradial
lines90°apart.Twothermocouplerakeswithtwobare-wirethermocouples
placedat centersofequalannularareasandtwototal-pressureprobes
alinedaxial~weremountedh thesaneplaneas thestatictaps.

Turbine-outletstaticpressuresweremeasuredin theannulusdown-
streamoftherotoroutlet(station4,fig.3)fromfourstatic-pressure
tapsspaced90°apartoneachoftheinnerandouterwalls.

Outer-WallStatic-PressureVariation

A sketchofthelocationofthestatic-pressuretapsusedtomeasure
theouter-wallvariationin staticpressureacrossthestatorandrotor
bladerowsis showninfigure5. Fivestatic-pressuretapswereeqwlJy
spacedinthecenterofthestatorpassagefrcnna positionjustdown-
streamofthestatorthroattoa positionjustinsidethestator-exit
plane.An axiallineof11 equallyspacedstatic-p~ssuretapswas
placedacrosstherotor-inletand-exitplanesas indicatedby the
figure.

E.xPImIMENTALPROC13DUR3

Theexperimentalinvestigationwasconductedbyoperatingthetur-
bineat constantnominalinletconditionsof 75poundspersquareinch
absoluteand340°F andat constantspeedsof 20,40,60,80,and100
percentofdesignspeed.Foreachspeedinvestigated,a rangeof static-
tototal-pressureratiosacrosstheturbinep4/p~ wassetfromapprox-
imately0.5totheminimumthatcouldbe obtained,whichwasabout0.030.

RESULTSANDDISCUSSION

Over-AllTurbinePerformance

Weightflow.- Theinvestigationwasconductedwitha weightflow
3.4percentlessthandesign.Theflowrenainedconstantthroughoutthe

CONFIDENT
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entireinvestigationbecause
statorthroatat an over-all
turbinep4/p~ greaterthan

CONFIDENTIAL NACARM E58F20a n

sonicconditionswereestablishedat the .
static-tototal-pressureratioacrossthe
themaximumusedtoobtaindata. Thisre-

ductioninweightflowwasacceytedprimarilybecauseitrepresenteda
discrepancyin stator-throatopening,whichwasspecifiedasbeing0.109
inch,of only0.003inchperbladepassage.!Ihisiswithintheaccuracy
ofadjustment.. .

Turbineworkoutputandstaticefficiency.- Thewer-allperform-
anteoftheturbineis”presentedinfigure6. Theequivalentspecific —

t

workoutputis shownas a functionof over-allpressureratioforselected /
valuesofpercentdesignspeed.A gridofstaticefficiencyisalsoshown
onthefigureandresultsdirectly,fromtieordinatesndabscissaparam-
etersselectedandtheuseofthefollowingexpression:

76=

.

sip
Themaximumworkoutputwas32.9Btuperpound
speedandapproximatelydesignpressureratio.—

andoccurredat de- d
Thisrepresentsa

maximumworkoutputat designconditions15.6percentlessthanthede-
signvalueof,39.0Btuperpound.Thestaticefficiencyat thiscondi-
tionwas0.414,whichis 9 pointsbelowthedesignvalueof0.504.This
widediscrepancyisbelievedtohaveresultedfromcalculatedlossesin
therotorduringthedesignprocedurethatwereconsiderablysmallerthan
indicatedby the-experimentalinvestigation.Thiswillbe discussedina
subsequentportionofthisreport.

Figure6 indicatesa sharpbreakin theoperatingcurveofeachspeed
selected.BecausethetrendIsthesameforallspeeds,ther~inder of
thediscussionwillbe limitedtodesign-speedconsiderationsonly,since
thesamediscus”sicmwouldapplytoanyspeed.Itisnotedthatas the
exitpre6surep4 isdecreasedtheslopeoftheworkoutputcurvein-
creaseswitha correspondingincreaseinbothworkandefficiencyuntil
thesharpbrqakinthecurveisreached.At thisconditiontheminimum
staticpressureandthemaximumwhirlthatcouldbe establishedat the
statorexithavebeenreached.Thisminimumstator-exitpressureis
limitedby theflowconditionswithintherotorpassage.As theturbine-
exitpressureis decreased~urther,theworkoutputcontinuestoincrease
but&t a slowerratebecause-ofan increasein onlytherotor-exitwhirl,
withthestator-exitwhirl.remainingconst+mt. . .

.

CONFIDENTIAL
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. c & lsonwiththeoreticalresults.- As discussedpreviously,the
theoreticalresultsofreference3 indicatethatstaticefficiencies
withintherange0.40to 0.,45shQuldbe exyectedframsingle-stagetur-
bineswithoperatingcharacteristicssimilarto thisturbine.T@s r~ge
comparesfavorablywiththeobt+inedefficiencyof0.414.

Thedesign-pointefficiencyof0.504forthisturbineresultedfrom
lossesassociatedwithcalculatedboundary-layergrowth.Theboun&ry-
la.yerequationsusedmayormaynothavebeenvalidin determiningthe

dm growthinboundary”layeralongthebladesurfaces.‘Ibiswasnotdeter-
Cn+ mined.However,an efficiencybasedontotallossesresultingfromtheir

usedoesnotappearsatisfactoryfora turbineofthistype.

No distinctionwasmadebetweenthestatorandtherotorinsofaras
boundary-layereqpationswereconcerned.However,reference3 indicates
thatrotorlosscoefficientstwiceas greatas statorlosscoefficients
aremorereasonableindeterminingturbinelosses.y Therefore,itis

~
feltthata largerareaallowanceshouldhavebeenmadein thedesignof
therotorbladestoaccountforthesehigherlosses.Forthesameover-
allpressureratiothiswould,in effect,decreaseboththedesi~-point
workanddesign-pointefficiencytomorerea~sticvalues.. Inviewof
thecloseagreementbetweentheexperimentalandtheoreticalvaluesof
efficiency,thedesignprocedurewouldhavebeenimprovedby assuminga

. staticefficiencybasedonthetheoreticalresultsofreference3.

Outer-WallStatic-PressureVariation

Expertientalresults.- Thevariationin outer-wallstaticpressure
acrosstheturbineispresentedinfigure7(a).Theratioof static
pressureatanystationto theturbine-inlettotalpressureis shownas
a functionof outer-wallstatic-pressure-tapmeasuringstationsfor
variousover-all.pressureratiossetat desi~ syeed.Thestatic-
pressure-tapmeasuringstationsindicatedcorrespmdto thoseshownin
figure5.

Figure7(a)showsthatimpulseconditionsexistacrosstherotors
as theexitpressureis decreasedfroman over-allpressureratioof0.511
to0.198.Duringthisoff-designconditionit canbe seenfrcmthe
static-pressurevariationoffigure.7(a)thata systemof ob~queshocks
passeddownstreamthroughthedivergingportionof thestatorpassage
withsm increaseinbothstator-androtor-exitwhirlsanda correspond-
ingincreaseinworkoutput.As theturbine-exitpressurewasdecreased
toan over-allpressureratiosomewherebetween0.198and0.132(a~roxi-
matel.y0.173franfig.6),theminimumstaticpressurethatcouldbe ob-
tainedat thestatortit wasestablished.This,then,limitedthe
amountof‘whirlthatcouldbe obtainedfrcmthestitorandcorresponded
totheconditionindicatedbythesharpbreakin theoperatingcurveof

Commi%l
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figure6. As theturbine-exitpressurewasdecreasedfurther,a system
of obliqueshockspassedthroughtherotorpassageswitha corresponding
increaseinrotor-exitwhirland,hence,an increaseinworkoutput.The
maximumworkoutputoccurredwhentheturbine-exitpressurewasdecreased
totheindicatedover-allpressureratioof0.030.

Comparisonwithdesign.- As indicated~reviously,thedesignofthe
turbineincludedtheassumptionofno significantchamgeinflowcharac-
teristicsradiallyfromhubtotip. However,thedesignvariationin
outer-wallstaticpressurewascalculatedincludingtheradialvariatia
in staticpressurerequiredto satisfysimpleradialequilibriumwithin
theflowpassages.Thisdesignvariationin outer-wallstaticpressure
iscomparedinfigure7(b)withtheexperimentalresults.Thevariation
obtatiedfrcmtheminimumover-allpressuremtio P4/P& offigure7(a)

isrepeatedinfigure7(b)forcomparisonpurposes.Verycloseagreement
existsat allstationsexceptat therotorinlet,wheretheexperimental
pressureis seentobe considerablyhigherthandesign.However,as
pointedoutin thesectionTURBINEDESIGN,a sharprecesswascutinthe
outerhousingbetweenthestatorandrotorbladerowstoproviderotor
bladerunningclearance(inset,fig.3). This recesscouldcausea r~-
allyoutwardflowof“thestreamlinesin thisregim thatwouldcontribute
totheindicatedrisein staticpressureabovedesign.

Itisnotedfromfigure7(b]thatthestaticpressuresat thestator
androtoroutletarebothslightlyabovetheirdesignvalues,-d both
wouldtendtoreducetheworkoutputbelowdesignbecausetheexitwhirls
wouldbe lessthandesign.Ifthestator-outletstaticpressure,titch
is limitedby theflowconditionswithintherotor,couldbe decreased
belowtheminimumvalueobtainedexpertientally,a resultambincreasein
workoutputshouldbe realizedbecauseofan increasein stator-exit
whirl.Onemethodofaccomplishingthiswouldbe tomodifytherotorflow
passage.Thismodificationanditseffectonturbiueperformanceare
discussedinthesectionentitledEffectofRotorModification.

Momentum-LossConsiderations

Ithaspreviouslybeenindicatedthatthedesignprocedureprovided
anareaallowanceforboundary-layergrowthin therotorpassagethat
wastoosmall.Thisareaallowancewasbasedon theboundary-layereqti-
tionsusedin thedesi~procedure.

In ordertoobtainan indicationoftheactualmomentum-losscharac-
teristicencounteredas comparedwiththatresultingfromthedesignpro-
cedure,an experimentalratioofeffectiverotormcnnentumthicknessto

1

.

—

IP
&r

.

.

—

.

.
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meancamberlength3~oJl
ingexperimentalconditions

CONTIIENTIAL

wascalculated
existed:

11

by assumingthatthefoUow-

(1)designflowconditionsat therotorinlet(station2,fig.1)

(2)designfree-streamflowangleat therotorexitbeforemixing
(station3,fig.1)

(3)negligiblerotorbladetrailing-edgethickness
d
%-$ (4)thesameratioofthree-dimensionaltotwo-dimensionalmmnentum

thicknessaswasusedin thedesign

Theseassumptionsresultedinan experimentalratioofeffectiverotor
Z momentumthicknesstomeancamberlength%otll Of 0.0~4,whichiS

$
comparableinmagnitudetotheresultsobtainedfrcmSW transonictur-
binesreportedin reference8 andthreesubsonicturbinesreportediny reference9.

~
Figure8 showstheresultsofthereferenceturbinesas

~hemtio ofeffectiverotormcmentumthicknesstomeancmiberlength
L?tot/Zplottedagainstdesi~ totalsurfacediffusionparameterIltot.
Theexperimentalpointforthesubjectturbineis shownata designtotal
diffusionparameterof0.27.Althoughtheturbinewasdesignedforzero
suction-surfacediffusionanda pressure-surfacediffusionof0.27,itis

. feltthatthetotaldiffusionwasconsiderablyhigherthan0.27because
therotor-exitvelocitywasless_thandesign.Ofmajorinterestisthe
factthatthegenerallevelof %OJZ isapproxhatelythessmeforthe
subjectturbine,thesubsonicturbines,=d thet=sotic t~bines=
Amarentlv,theselectedparametersmaybe correlatedas doneby the--
correlati&curveoffi~e 8 withoutregard
each

tive

individual.turbine.

Thepreviousconsiderationsleadtotwo

(1)TheeffectofMachrumiberlevel,if
rotormomentmnthickmesstomeancamber

totheMachnumberlevelof

importantobservations:

=XY)Ontheratioof effec-
lengt!his small.

[2)ThedesiimProcedurefora turbineofthistypew@db.e ~-
provedby calcula~i?&lossesbasedonan assumedvalueof ~tot/Z,rather
thanbasingthelossesontheboundary-layerequationsthatwereusedin
thisdesign.

EffectofRotorModification

A largeportionofthesuctionsurfaceoftherotorbladeswasre-
movedinan effortto decreasetheminimumstaticpressurethatcouldbe

CONFIDWW
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$

feltat thestatorexit.Thisremovalofmetalfra thesuctionsurface
in effectproduceda free-streamlinepassa~throughtherotor.As &
pointedoutin reference2,oneofthead~tages ofa free-streamline —
passageis thattheeffectofa chsmgein turbine-@titpressurecan
propagateitselfupstreamthroughthe.rotor.passageeventhoughthe“ve-
locitiesrelativetothe!rotoraresupersonic.A sketchofthesmount
ofsurfaceremovedis showninfigure9.

Theeffectoftherotormodificationonturbineperfozznanceat de- $:
signspeedis showninfigure10. Thedata.pointsat designspeedfrom
thebasicturbineperformancecurvesoffigure6 arerepeatedinfigure F
10forcanparisonwiththeresultsofthemodifiedrotors.Itcanbe

—

seenfromthefigurethata slightimprovemeritinperformancewasob-
—

tained.At desi~ over-allpressureratio,--theimprovementin specific
workoutputamountedtoabout3 percent.

FigureIL showstheeffectoftherotorpassagemodificationon
outer-wallstaticpressure.Itcambe seen’frmnthefigurethattheat-

—

temptto lowertheminimumstator-outletpressurewas successfti.HOW- .
ever,in sodoing,theminimumstaticpressurethatcouldbe obtainedat —

therotorexitwasincreasedbecauseofa detrimentalchangeintheflow
patternwithinthe-rotorthatresultedinhigherrotorlosses.This,in
turn,wouldtendto decreasethemsximumworkoutput.Theneteffectof

.

thetwocounteractingtendencieswastheslightimprovementpreviously
discussed. .

Inviewofthefactthattheover-allturbineperformancewasslight-
lyimprovedby removinga largeportionoftheoriginalsuctionsurface -
oftherotorblades,theinferencemightbemadethata detailedaerody-
namicdesi~ of therotorpassageforsuch& turbineisunimportant.
‘l%isisnot so. Therotorlossesofboththesubjectturbineandthe
cascadeworkofreference2 increasedwhenthebladesweremodified.It
thereforeappearsthatthoroughaerodynamicdesigntechniquesareneceG-
sarytoattainsatisfactoryrotorperformancefromsupersonicturbines. —

SupersonicStarting

Theproblemsassociatedwithsupersonicstartingoftherotorflow
passagesas describedinreference6 (cascadetests)werenotencountered
duringtheentireexperimentalinvestigation.Thedesignprocedureused
forthisturbineresultedinrotorpassagesthatwerecriticalinnature _
withrespectto starting.Inotherwords,thecontractionoftheflow
passageat therotorinletwassuchthatthepassagecouldjuststirtat
thedesignenteringrelativeMachnumberof‘2.0.Inviewofthefact
thatthestatmrproducedslightlylessthandesignwhirl,therotoren-
teringrelativeMachnumbermusthavebeen,belowthedesignvalueof 2.0. c

.
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Thisshouldhaveresultedinrotorpassagesthatwouldnotstartsuper-
sonically.Apparently,theinteractionoftheflowbetweenthestator
exitandtherotorinletwassuchthatthenormalshocksspanningthe
rotorinletas describedinreference6 didnotexist.~S hCk Ofboth
no-l andstrongobliqueshockscanbe notedfrm figure8.

Thestatorthroatswereopenedandclosedto seeifthestarting
problacouldpurposelybe encountered.Also,themethod-ofturbineop-
erationat off-designconditionswasvariedinanattemptto setan um-
startedrotorcondition.However,therotorsstartedin everyinstance.

WJMMARYOFKHJL’TS

Thedesignandexperimentalinvestigationofa single-stagesuper-
sonicturbinearepresentedherein.Theturbinewasdesignedfora rotor
enteringrelativelkchnumberof 2. Theresultsoftheinvestigationcan
be summarizedas follows:

1.Theequivalentspecificworkoutputobtainedat designspeedand
approximatelydesignover-allpressureratiowas32.9Btuperpoundat a
staticefficiencyof0.414.Thisobtainedstaticefficiencygavegod
verificationtothetheoreticalresultsof an independentreferencethat
predictedstaticefficiencieswithintherange0.40to 0.45forsingle-
stsgeturbinestithsimilardesigncharacteristics.

2.An experimentalratioofeffectiverotormomentumthicknessto
meancamberlengthwasdeterminedtobe 0.0114.Thiscomparedfavorably
withtheresultsobtainedfromseveraltransonicad subsonicturbines,
whichindicatesthattheMachnumbereffecton thisselectedparameter
is small.

3.Thelosscalculationsbasedon theboundary-layerequationsused
inthedesignprocedureresultedina design-pointstaticefficiencyof
0.504.Moreareaal.lowaaceforhigherrotorlossesshouldhavebeenused
witha resultingefficiencyandworkoutputat designconditionslowered
tomorereasonablevalues.Thiscouldbe doneduringthedesignproce-
dureby assuminga valueoftheratioofeffectiverotormcmentumthick-
nesstomeancamberlengthcmparableto thosedeterminedtoexistin
tmnsonicturbines.

4. The minimumstaticpressurethatcouldbeobtainedat thestators
exitwaslimitedby flowconditionswithintherotor.Removalofa large
portionoftherotorsuctionsurfaceenabledthisminimumpressureat
thestatorexittobe reducedat theexpenseofhigherrotorlosses.The
neteffectwasabouta 3-percentimprovementin turbineworkoutputat
designspeedanddesignover-allpressureratio.

comIDENTIAL
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5.Noproblemsassociatedwithsupersonicstartingwereencountered
duringtheentireinvestigation,evenwhentheworstconditionsoftur-
bineoperationwithrespectto thisproblemweretiyosedontheturbine.
Apparently,theinteractionofflowbetweenthestatorexitandrotor
inletwassuchthatnormalshocksor strongobliqueshockswerenoten-
countered.Thiswasindicatedby thestatictapsplacedacrosstheblade
rowsin theturbineouterhousing.
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TABLEI.- STATORBLADEMEAN

COORDINATES

+x

1 -Point

SECTION

~

-x

x,
, in.
0.200
.150
.100
.050
0
-.050
-.100
-● 150
-.189
-.”193
-.250
-.298
-.300
-.350
-.400
-.450
-.483
-.487
-.492

0.299
-.387
-.400
-.395
-.385
-.364
-.326
-.264
-.044
-.168
.323

-----

.488
● 647
.812
.978
----
1.125
1.120

Yp>
in.

1.273
.361
.374
.378
.387
.405
.436
.486
----
----
.671
.816
.818
.884
.960
L.048
L.122
L.125
.----

mNmDENTIAL

edgeradius,
O.005in.
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TABLEII.- ROTORBLADESECTIONCOORDINATES

Yu

LesaiIlg- Trailing-edge
e~e radius, rsdius,00005
00010in.

rotation

x,
in.

o
.100
.200
.300
.400
.500
.600
.700
.800
.900
1.000
1.100
1.200
1.300
1.400
1.500
1.595

Y&>.
0.010

●193
.350
.444
.503
.537
.550
.543
.521
.488
.442
.388
.324
.253
.172
.083
.005

w = 9.6°

Y,ill.
0.010

● 502
.830
.951
1.002
1.020
1.010
.967
.885
.777
.667
.557
.446
.336
.226
.lls
.005

17

in.
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